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Summary
Introduction: Autologous osteochondral grafting is in widespread use for focal defects of articular cartilage. There is major concern over the
nature of the tissue bridging graft elements and graft/recipient cartilage. Chondrocyte viability is thought to be an important determinant of the
quality of repair. The aim of the current study was to compare the zone of death for osteochondral grafts harvested with the commercially
available Acufex, and an osteotome with a specially designed cutting-edge.
Materials/methods: The circular osteotomes were the Acufex 4.5 mm MP (Smith & Nephew) and the Lissimore, which has a different cutting-
tip geometry and sharpness. These implements were used to harvest osteochondral plugs from macroscopically non-degenerate human
lateral condyle explants obtained from the anterior femoral cuts of knee replacement surgery. Confocal laser scanning microscopy with vital
staining was used to quantify the zone of marginal chondrocyte death for the entire perimeter of the plugs.
Results: The increase in cartilage plug diameter (reference the osteotome minimal internal diameter) was signiﬁcantly greater for the Acufex
(ManneWhitney; nZ 5; PZ 0.0079), with the diameter (mm) increasing by 0.49G 0.03 (10.9%), compared with 0.16G 0.02 (3.3%) for the
Lissimore. Osteochondral plugs had a signiﬁcantly (ManneWhitney; nZ 5; PZ 0.0079) lower mean margin of cell death with the Lissimore
osteotome (117.8G 8.97 mm) than the Acufex MP (315.3G 5.90 mm).
Conclusions: Cutting-tip proﬁle is an important factor in determining the extent of marginal death in circular osteochondral grafts. We have
designed and assessed an alternative cutting-tip, which caused signiﬁcantly less marginal death than the commercially available Acufex. We
conclude that there is scope for improvement of osteochondral harvest techniques.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Composite boneecartilage transplants have a history ex-
tending back to the early 1900s1,2, but have only become
widespread in the last 10e15 years, in their autogenous form,
as osteochondral transfer3e6. This procedure is most
commonly performed at the knee but is also performed on
talus, humeral capitellum, and femoral head6.
Compared to other tissues/organs, a graft of autologous
boneecartilage is in some ways an attractive prospect. The
bone can heal by ‘creeping substitution’ and the articular
cartilage is avascular. The chondrocytes, responsible for
turnover of the extracellular matrix, are adapted to obtaining
their nutrients by diffusion over a relatively long distance7.
However, articular cartilage has little intrinsic capacity for
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Received 18 July 2004; revision accepted 12 April 2005.66repair8e10, and wounding of cartilage causes a marginal
zone of chondrocyte death8,10e14.
For intra-articular fractures, cartilage to cartilage healing
may be effective when there is anatomic reduction and
fracture compression15. However, for osteochondral graft-
ing there is concern over the nature of the material forming
between graft elements, and between the graft and the
recipient cartilage10,12.
Recently, two modes of osteochondral harvest (power
trephine and direct punch) were compared in an ovinemodel,
in terms of cell viability of the harvested graft. It was
concluded that the punch technique (Acufex MPdSmith &
Nephew) was less injurious and that the power trephine
should be abandonedas aharvest technique for this tissue16.
Surprisingly, there has been little work concerning modes
of osteochondral harvest on human tissues ex vivo.
Brocklehurst et al.17 examined the composition of articular
cartilage from human knee joints in terms of water content,
proteoglycan composition/structure, glycosaminoglycan
synthesis rates, and cell content. For all these parameters,
they found no signiﬁcant difference between regions of
visually intact (macroscopically non-degenerate) cartilage
from osteoarthritic joints and cartilage from normal controls.5
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microscopy (CLSM) to evaluate the effects of harvest
techniques on macroscopically non-degenerate femoral
condyle from human resections for osteoarthritis. There
are a number of osteochondral harvesters available
commercially, including the Acufex MP (Smith & Nephew,
Andover, MA), OATS (Arthrex, Naples, FL), CORE
(Innovasive Devices, Marlboro, MA), and SDS (Sulzer
Orthopaedics, Austin, TX). We selected the Acufex MP
4.5 mm diameter for analysis, as it is widely used and has
recently been the subject of a comparative study in which it
was favourably compared to power trephine harvesting16.
We demonstrated a considerable margin of early chondro-
cyte death (300e400 mm, 2 h post-harvest) for the Acufex
MP system, considerably larger than that obtained for
a fresh number 11 scalpel blade.
We conjectured that the Acufex cutting-tip [see
Fig. 1(A,B)] might be suboptimal, and further that it might
injure cartilage not merely by incision/laceration, but also by
compression of the graft edge (with progression of the
internal bevel). This may be especially important within the
conﬁnes of a closed system (as in the circular osteotome),
rather than an open system (such as a straight scalpel
blade). Therefore, we engineered a circular osteotome
(designated the Lissimore) of slightly larger internal
diameter (5 mm) and having a similar 20( external bevel,
but no internal bevel, and machined to as sharp an edge as
possible [Fig. 1(A,C)].
The aim of this study was to quantify the margins of
chondrocyte death in human osteochondral grafts (of
approximately the same diameter) obtained by the two
osteotomes, using CLSM to image plug perimeters in their
entirety.Materials and methods
BIOCHEMICALS
5-Chloromethylﬂuorescein diacetate (CMFDA; stock
2.15 mM; DMSO) and propidium iodide (PI; stock 1 mM;
aqueous) obtained from Molecular Probes (Eugene,
Oregon, USA). Formaldehyde in saline (10% v/v; pH
7.3) obtained from Fisher Scientiﬁc (Leicestershire, UK).
Other chemicals from Sigma (Poole, Dorset, UK),
including serum-free Dulbecco’s modiﬁed Eagle’s culture
medium (DMEM). DMEM buffered with N-2-hydroxyethyl-
piperazine-N#-2-ethanesulphonic acid (HEPES 25 mM;
pH 7.4).
ETHICAL PERMISSION AND PATIENT CONSENT
Ethical approval was from Fife Acute Hospitals NHS
Trust Ethics Committee (SE Scotland). Written consent for
use of resection specimens was obtained from patients
having total knee replacement for osteoarthritis.
OSTEOCHONDRAL PLUG HARVESTERS
Two osteotomes were used: (1) the Acufex MP [4.5 mm
internal diameter, Fig. 1(A); scale-drawing, Fig. 1(B);
courtesy of Smith & Nephew], and (2) a specially machined
circular cutter (external bevel 20(), with no internal bevel
and tapering to a razor-sharp point ﬂush with the interior
core (both features in contrast to the Acufex). For ease of
reference, we designated the latter cutter the Lissimore
[internal diameter 5 mm, Fig. 1(A); scale-drawing and
details, Fig. 1(C)].Fig. 1. Circular osteotomes. (A) Acufex MP 4.5 mm internal diameter and the Lissimore osteotome. (B) Schematic diagram of Acufex MP
(as supplied by Smith & Nephew). The minimal internal diameter is 4.5 mm. (C) Schematic diagram of the Lissimore osteotome. This was
machined from 316 stainless steel, and has an external bevel (20() only, which tapers to a razor-sharp edge (hand-honed on diamond
whetstone) ﬂush with the internal core. The internal diameter of the cutting segment is 5 mm; below this the internal diameter is 5.5 mm
(to relieve contact stresses). External diameter is 8 mm.
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Knee resection specimens were transferred immediately
to DMEM supplemented with penicillin (50 units ml1) and
streptomycin (50 mgml1). They were refrigerated at 4(C,
and used the next day. The lateral condylar area of the
anterior cut was used as a source for explants. In these
specimens, there was no macroscopic evidence of ﬁbrilla-
tion/wear-lines/degeneration. Rectangular osteochondral
explants were procured using a Stanley knife. These were
uniform in terms of subchondral bone depth across the
sample [Fig. 2(A)]. Hence the two osteotomes would cut to
the same depth.
Under sterile conditions, plugs were harvested from the
explants to compare the two circular osteotomes. The
osteotomes were applied perpendicular to the articular
surface, and the cuts made through the explant [Fig. 2(B);
depth 7e9 mm] using a toffee hammer (230 g). Gentle side-
to-side manipulation of the osteotome was used to allow
dislodging from the explant. Plugs were removed from the
inside of the osteotomes using an insert against the bony
surface. Throughout the procedure, the articular surface
was maintained wet with DMEM, as chondrocytes are
vulnerable to drying18.
Because of concerns over blade sharpness, we used
a fresh Lissimore instrument for each cut, and a fresh
Acufex mosaicplasty 4.5 mm osteotome for plug numbers
1e4; the ﬁfth plug was harvested using an Acufex
instrument that had only been used once previously (in
experiment 4)di.e., well within the operating limit of
instrument use. As far as possible the same protocol was
used for both osteotomes.
INCUBATION, FLUORESCENT DYES, FIXATION AND VERNIER
CALLIPER MEASUREMENTS
Plugs were incubated at 37(C for 120 min, with exposure
to PI (5 mM) and CMFDA (21.5 mM) for the ﬁnal 30 min.
CMFDA is a membrane-permeant dye, cleaved by in-
tracellular esterases to produce a ﬂuorescent and mem-
brane-impermeant product. The cytoplasm of viable cells
was thus labelled green. PI is a charged molecule, capable
of crossing membranes only if they are damaged; it stains
the nucleus of dead cells red. At the end of the incubationperiod, plugs were washed in DMEM and transferred to
formalin (10% v/v) in saline. They were stored at 4(C and,
after passage through ethanol (70% v/v) were analysed in
water at 21(C. Measurements of the cartilaginous portion of
plugs (nZ 5) and the internal diameter of the osteotomes
were made using Vernier callipers (British Aerospace;
accuracyG 5 mm) after imaging was complete. It was thus
possible to derive information concerning the size increase
of the cartilaginous portion of the plugs (compared to the
minimum diameter of the osteotomes), and to obtain the
relevant radii for the calculations of thickness of zone of
death (see Image analysis).
MICROSCOPY
A Zeiss Axioskop LSM510 upright confocal laser scan-
ning microscope with a !10 dry objective was used to
acquire images of in situ articular chondrocytes. A multi-
track protocol using Argon and HeNe excitation, allowed
separation of ﬂuorescence emitted from CMFDA (staining
cytoplasm for live cells; green) and PI (nuclear staining of
dead cells; red). CMFDA and PI were subjected to
excitation wavelengths (EXl) of 488 and 543 nm, using
ﬁlters to measure emission at 500e550 nm and O560 nm,
respectively. Cartilage was viewed from surface and trans-
verse perspectives, allowing imaging around the entire
perimeter, and over the full cartilage depth. Detector gains
and sensitivities were adjusted to optimise image genera-
tion without bleaching or saturation (optical sections at
%10 mm intervals, over 170 mm depth).
IMAGE ANALYSIS
Overlaid images were viewed using the Zeiss Image
Browser. Mean margins of cell death (d; mm) were
calculated using measurements of the perimeter ( p) and
concordant area of cell death (A):
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with p and A measured in mm and mm2, respectively.
Values were recorded from the entire plug circumference
(15e17 projected images/plug).Fig. 2. Osteochondral explant. (A) Prior to harvest. (B) After harvest. Osteochondral explant measuring approximately 1 cm! 2 cm! 7 mm.
The two core holes are visible, together with overt damage to the donor cartilage (split) caused, in this case, by the Lissimore.
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Data are given as meanG SEM. For experiments on cell
death, nZ 5; because normality could not be assumed on
the basis of the small number of observations, non-
parametric (ManneWhitney) testing was used (GraphPad
Prism; GraphPad Software, San Diego, California).
Results
Five knees (each from a different patient; three male, two
female; mean age 67.8 [range 50e79] years) each yielded
a suitable explant volume of macroscopically non-degen-
erate tissue to allow the harvest of two osteochondral plugs
(one taken with the Acufex, and one with the Lissimore). It
was noted that far less force was required to remove plugs
from the Lissimore osteotome than the Acufex MP. Vernier
calliper measurements of osteotome minimal internal
diameter yielded values (mm) of 4.48G 0.008 (Acufex
MP) and 4.91G 0.03 (Lissimore). After processing and
imaging, the cartilaginous portions were assessed. These
diameters (mm) were 4.97G 0.03 (Acufex MP) and
5.07G 0.05 (Lissimore). The derived plug radii (mm) were
therefore quantitatively similar for both osteotomes, being
2.485 and 2.537 (used for the calculations of marginal cell
deathdsee Materials and methods), for the Acufex and
Lissimore, respectively. Plug swelling (reference to osteo-
tome internal diameter) was signiﬁcantly greater for the
Acufex (ManneWhitney; nZ 5; PZ 0.0079)dthe plug
diameters (mm) increasing by 0.49G 0.03 (10.9%), com-
pared with 0.16G 0.02 (3.3%) for the Lissimore.
The 4.5 mm diameter Acufex MP implement yielded
grafts with a mean margin of cell death 315.3G 5.903 mm.
For cuts from the same explants (thereby controlling for
patient-mix and other variables such as bone depth), the
margin of cell death was signiﬁcantly lower with the
Lissimore (ManneWhitney; nZ 5; PZ 0.0079), being
117.8G 8.97 mm (see Figs. 3, 4).
The cartilaginous region of all samples was also viewed
from a transverse perspective [e.g., for Lissimored
Fig. 5(A)]. However, because human femoral cartilage is
so thick, it was not feasible to obtain transverse images of
entire plug circumferences. The purpose of transverse
Fig. 3. Lissimore vs Acufex. Mean superﬁcial zone of cell
death (mm) for whole plug circumferences, for paired samples
(nZ 5). The Lissimore causes signiﬁcantly less marginal cell death
than the Acufex.imaging was to conﬁrm the presence of non-ﬁbrillated
superﬁcial zone [see Fig. 5(B)], with adjustment of contrast
settings to enhance tissue dye-binding and collagen
autoﬂuorescence. Though there was always a well de-
veloped superﬁcial zone, occasional damage appeared in
the cartilage of the Acufex cutsdthough this did not have
the appearance of ﬁbrillation, and was interpreted as
traumatic damage from the Acufex cutting mechanism. It
was, nevertheless, important to conﬁrm that cartilage
deemed non-degenerate on visual inspection was not
ﬁbrillated microscopically; a series of control experiments
conﬁrmed the absence of ﬁbrillation in the superﬁcial zone
of macroscopically non-degenerate (compared with overtly
degenerate) human cartilage (data not shown).
Discussion
In preliminary experiments, we have previously examined
the margin of chondrocyte death in response to osteochon-
dral harvest (Acufex MP 4.5 mm diameter mosaicplasty
osteotome) of macroscopically non-degenerate explants
from human knee resection specimens (lateral portion of
anterior femoral cuts). When imaged from a superﬁcial
perspective, marginal death was of mean width
270e390 mm, compared with 35e41 mm for a fresh scalpel
cut (data not shown). A zone of this thickness suggests
that a considerable area of the graft superﬁcial zone is
compromised/non-viable.
Redman et al.14 compared the responses of immature
bovine cartilage cut off the bone to two types of trauma
designated ‘sharp’ (scalpel blade) and ‘blunt’ (trephine),
noting the areas of death to be considerably larger in the
trephine wound. Intriguingly, they demonstrated an up-
regulation of proliferation and synthetic functions near the
scalpel cut (but not the trephine cut) 5e10 days after
cutting.
We hypothesised that the internal bevel of the Acufex
4.5 mm diameter osteotome might cause considerable
compression to the articular surface, and that this might,
in some measure, account for the extent of cell death. Our
aim was to investigate if modiﬁcation of the cutting-tip could
produce less damage. We designed and machined
a circular osteotome with only an external bevel and
a razor-sharp edge [Fig. 1(A,C)]. Because the Acufex had
previously yielded plugs of almost 5 mm diameter, we used
a 5 mm internal diameter in the Lissimore believing that in
the absence of an internal bevel the harvested plugs would
be of similar size to those of the Acufex.
Our data show that the increase in plug diameter
(reference to osteotome minimal internal diameter) after
harvest and processing was signiﬁcantly greater for the
Acufex (10.9%) compared with the Lissimore (3.3%). This
ﬁnding may reﬂect that more tissue (relative to the core
diameter) is forced into the Acufex by virtue of its internal
bevel. The Acufex plugs then re-expand after plug
extrusion. An alternative mechanism is that the Acufex
osteotome causes more matrix damage to the perimeter of
the osteochondral plug, and there is swelling subsequent to
this. It may be that a combination of these two explanations
is responsible.
Macroscopically non-degenerate volumes of human
femoral condyle cartilage (from OA joint resections)
represent a useful model for in vivo healthy cartilagedas
they have previously been found to be biochemically and
histologically indistinguishable from normal cartilage17. The
CLSM data (Figs. 3, 4) show a signiﬁcantly greater margin
669Osteoarthritis and Cartilage Vol. 13, No. 8Fig. 4. Early marginal cell death. Representative projected views (170 mm depth) of the articular surface of plugs harvested with (A) the Acufex
system, and (B) the Lissimore cutter. On one set of projected images for each of the plugs, there are hand-drawn overlays of the living/dead
border, and associated perimeters and areas of cell deathdsee Image analysis, for how these data permit calculation of margin of cell death.of cell death (315.3G 5.903 mm) for the Acufex compared
with the Lissimore (117.8G 8.97 mm). Our results are likely
to be an underestimation of overall surface death given that:
(i) cell death has been shown to progress after the early
time point assayed (2 h post-harvest)11,14;
(ii) at mosaicplasty the articular surface is further
subjected to compression-type trauma when the
osteochondral plugs are tamped into the osseous drill
holes. This is known to compromise superﬁcial zone
viability19;
(iii) the plugs harvested at mosaicplasty are of greater
length (15e25 mm) than those obtained from the
explants in our experiments (7e9 mm), increasing
time spent with frictional contact on the inside of the
osteotome.
Imaging from the superﬁcial perspectivedas performed
here for entire perimetersdproduces data from the articularsurface to the maximum depth of laser penetration
(w170 mm), i.e., predominantly from the superﬁcial zone.
This zone is of critical importance to the normal physiology
and integrity of articular cartilage20,21, the transversely
orientated collagen ﬁbres and relatively low glycosamino-
glycan content cause this layer to function in tension, to
resist compressive forces. In addition, recent research
suggests that the superﬁcial zone contains important
progenitor cells22.
Transverse analysis was performed to conﬁrm the
presence of all zones of cartilage and demonstrate a non-
ﬁbrillated superﬁcial zone. Although there was much
quantitative heterogeneity in these images with respect to
cell viability/death, the Lissimore-cut tissue conﬁrmed the
absence of ﬁbrillation. Plugs of Acufex derivation generally,
but not exclusively, showed cell death in all zones, to the
limits of laser penetration (w170 mm). Transverse images of
Lissimore-cut cartilage tended to show relative sparing in
the mid and deep zones, with signiﬁcant cell viability in
670 J. S. Huntley et al.: Reducing cell death at chondral surgeryFig. 5. Transverse view of Lissimore-cut cartilage. (A) Representative projected views (from transverse perspective) of Lissimore-cut cartilage,
showing all zones of the articular cartilage. (B) Representative projected views (from transverse perspective) of the articular surface, with
contrast settings adjusted to maximise tissue ﬂuorescence. There is no evidence of ﬁbrillation through the superﬁcial zone.these areas [Fig. 5(A)]. This latter observation may suggest
that chondrocytes of the superﬁcial zone are more
susceptible to traumatic damage than those of other zones.
These experiments have demonstrated an extensive
marginal zone of death in osteochondral plugs, the zone
being substantially decreased by modiﬁcation of the cutting-
tip to a sharp proﬁle with no internal bevel. However,
sharpness is inversely correlated with other properties such
as edge retention. Moreover, the major issue of donor site
marginal death has not been assessed in the current study.
It is possible that the greater thickness of the main body of
the Lissimore (within the limits of our engineering capa-
bilities) (Fig. 1) may cause more trauma to the donor site. In
addition to donor site morbidity per se, such trauma has
implications for the minimum distance between plugs at the
harvest site.
These results show that an osteotome with a specially
designed cutting-tip causes signiﬁcantly less early chon-
drocyte death in osteoarticular grafts than the commonly
used Acufex MP system. The design of harvesting techni-
ques can be improved, and should combine the expertise of
engineers, cell biologists and surgeons.
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